Single-mode, quasi-stable coherent random lasing in an amplifying periodic-on-average random system We experimentally demonstrate single-mode coherent random lasing in a linear array of monodisperse amplifying microresonators, which behaves as an amplifying periodic-on-average random system. We theoretically analyse the frequency distribution of lasing modes under weak and strong configurational disorder. We show that the tuning of the microresonator diameter can match the frequency interval of the lasing modes with the gain maximum, thus achieving spectral mode-matching. We implement this experimentally and demonstrate that the spectral mode-matched system yields single-mode coherent random lasing with 76% probability of the modes restricted to an interval of width $1.2 nm, thus offering quasi-stability in the emission. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4870631] Random lasers have been regarded as easy-to-fabricate optical sources that mimic the properties of a laser. 1, 2 This unique laser uses a disordered environment to create optical feedback which, upon interaction with an inverted medium, realizes laser-like emission. 3, 4 The complex synergy between multiple scattering and gain has led to the discovery of several novel physical effects that have seen significant research efforts in the recent years. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Although the random laser has shown a great promise as an optical source, the biggest impediment towards real applications has been the fluctuations, both in frequency and intensity, that result from the randomness. [16] [17] [18] [19] [20] [21] [22] In recent years, many groups have made contributions towards the frequency control of such systems. 7, 15, [23] [24] [25] [26] [27] [28] [29] The techniques toward frequency control can be broadly classified into two types, namely, gain engineering and structural engineering. In the former case, the spatial or spectral gain distribution is altered to favor a desirable frequency or range of frequencies. For instance, the spatial distribution of the excitation pulse was actively controlled so that only one random lasing mode was provided gain, which lased at the cost of others. 23, 24 In another case, the directional distribution of the excitation pulse was modified so as to provide gain to selected modes, whose spatial distribution was known earlier. 26 The idea of spectral gain distribution was applied by adding an absorbing medium to the random laser, which shifted the random laser modes into the desired range. 27 Structural engineering involves the modification of scattering properties of the medium. In that regard, a well-known technique has been the resonance-driven random lasing, 7 wherein, the disordered ensemble essentially consists of monodisperse microspheres in a way that the bulk medium replicates the wavelength sensitivity of the individual scatterer. This technique showed the tuning of the diffusive random laser over $40 nm, by changing the diameter of the microscatterers by $1.2 lm. Recently, we have transported this technique to the domain of coherent random lasing. 15 In linear random arrays of amplifying microspheres, we have shown that the monodispersity forbids lasing in certain wavelength intervals. We showed that the lasing modes are a consequence of gap states of such an amplifying periodicon-average random system (aPARS), and the wavelength dependence of gap states is at the origin of the frequency control. In this Letter, we experimentally demonstrate singlemode random lasing along with quasi-stability, mediated by spectral mode-matching. In conventional lasers, spectral mode-matching is implemented by choosing the geometry of the resonator such that one of the resonator eigenmodes matches the maximum of the gain profile and lases efficiently. 30 To bring this concept to our system, we first numerically study the behavior of an aPARS system wherein weak and strong configurational disorder is investigated with respect to the frequency distribution of lasing modes. Motivated by the calculations, we experimentally implement the scheme and demonstrate efficient single-mode random lasing with 76% probability of the wavelength lying within a bandwidth of 1.2 nm.
In the aPARS system, a multilayer constituting alternative amplifying dielectric and air layers realizes feedback in the longitudinal propagation. This system is numerically investigated using 1D transfer matrix calculations with gain modeled by a negative imaginary refractive index. 31 The system had an average active layer thickness A ¼ 20 lm and an average spacing B ¼ 8 lm. Figure 1 depicts the behavior of the lasing modes in the presence of disorder. The schematic of the PARS system is shown at the top, with the yellow layers indicating the amplifying dielectric, separated by air. A multilayer with 30 active layers (refractive index 1.34-4 Â 10 À5 i) was studied. Figure 1 (a) shows the bandstructure (transmittance) of the periodic system, with no randomness (dA ¼ dB ¼ 0). Over the investigated wavelength range, five complete stopbands are observed, while one partial gap is seen. The spacings between stopbands are unequal. When weak randomness is introduced in the spacings of the active layers, gap modes are created which lase under gain. Here, the modes are distributed in bunches whose central wavelength matches the stopband position. Notably, the same behavior (not shown here) is also observed when the active layer thickness is weakly randomised with the spacing kept monodisperse. Thus, the effect of weak disorder in either of the parameters is same. Moreover, the number of modes in a bunch depends on the stopband width. This was confirmed with more calculations, whose results are shown in the inset. Clearly, the number of lasing modes increases linearly with stopgap width, upto a certain width after which the variation saturates. Spectral mode-matching would require the overlap of one of the histogram bunches with the gain maximum. Under such conditions, mode-matching is a challenging task for two reasons. First, the bandstructure depends on both A and B, hence both the parameters would have to be simultaneously tweaked to match the gain maximum to a stopband. Second, one would need to know apriori which bunch is more populated so as to extract maximum lasing probability. It is, therefore, desirable to obtain simpler conditions for mode-matching. Figure 1(c) shows that, under strong randomness in B, the lasing modes occupy regular wavelength intervals. These intervals do not match the stopband positions but occur at the minima in the Fabry-Perot profile of an individual active layer. The blue curve shows the Fabry-Perot profile of the active layer (A ¼ 20 lm.) Importantly, this distribution is irrespective of the exact value of the spacing (B). For any spacing, the histogram bunches lie at the Fabry-Perot minima of the active layer thickness. This is a crucial observation, as it precludes the information of the spacings. In this case, only the active layer thickness needs to be tweaked to achieve spectral mode-matching. Furthermore, there are no favored bunches since all are populated alike. The situation is symmetric with respect to the other parameter, as shown in Figure 1(d) . Here, the spacings are monodisperse (dB ¼ 0) while the thickness is strongly randomised, and the lasing modes occupy the regions of Fabry-Perot minima of the spacing layer (B ¼ 8 lm.) In essence, the case of strong randomness in one parameter is favorable since it requires changing only the other monodisperse parameter. We note that this situation is the counterpart of resonance-driven random lasing, 7 where only the microsphere diameter was changed with the configuration remaining completely random. Accordingly, we simulated such a situation of matching the gain profile with the Fabry-Perot minimum. Figure 2 depicts the results. The system was strongly disordered (dB ¼ 5 lm) and a mild polydispersity (dA ¼ 100 nm) was also introduced as realistic experimental conditions. Figure 2(a) shows a numerically generated gain profile (dotted black curve) centered at k ¼ 558 nm. This center wavelength was motivated from an experimentally measured gain profile. The maximum of the curve matches the maximum of the Fabry-Perot profile (solid green curve) of a single active layer, which was 17.7 lm thick. These dimensions were motivated from the experimental observations as described later. Three typical spectra from this system are shown underneath. The corresponding histogram is depicted in Fig. 2(c) , where two equi-populated bunches are observed. In comparison, a second calculation for a layer thickness of 18 lm is shown in Fig. 2(b) , where the gain maximum matches a Fabry-Perot minimum. In the spectra, we consistently observe a mode in the vicinity of the central Fabry-Perot minimum. The histogram clearly ( Fig. 2(d) ) shows a large central bunch, which is populated by 75% of the observed lasing modes. Thus, the mode-matching can significantly enhance lasing emission in a desired wavelength range. Next, we experimentally achieved the conditions of mode-matching in our aPARS system. The complete experimental details of generating the aPARS random laser have been discussed elsewhere. 32 In short, a liquid jet is made to break into microdroplets using a vibrating orifice droplet generator, wherein a periodic perturbation to the jet realizes monodisperse droplets. By controlling the generation pressure and perturbation frequency, the sizes of the microdroplets can be tuned. In our experiments, the liquid was a Rhodamine-in-methanol solution (0.5 mM), and the array was optically excited by a frequency-doubled Nd:YAG laser (pulsewidth 25 ps, rep rate 10 Hz). About 1 mm of the array was excited, corresponding to about 30 microdroplets. The longitudinally travelling light experiences an approximate planar multilayer configuration due to the large diameters of the microdroplets. The random lasing modes from such a system originate from the gap states of the underlying periodic lattice.
15 Figure 3 shows the experimental results. Figure 3(a) shows a representative image of the microdroplet array, and its axial refractive index profile underneath. Fig. 3(b) depicts a series of spectra taken at excitation energy E p ¼ 2.2 lJ, when the microdroplet diameter was 17.7 lm, as was estimated from the Whispering Gallery Modes, abbreviated as WGMs, seen at static positions (black arrows) across all spectra. These modes originate from the surface resonances of the individual microspheres, and hence do not change with configuration. The constant spectral position of the WGM modes is evidence to the monodispersity of the array. The random lasing modes are seen as multiple peaks in the spectra, which fluctuate with configuration. The histogram of the lasing modes, shown in Figure 3 (d) below, shows two bunches with the distribution of modes being 58% and 42%. The system was mode-mismatched in this situation. Next, we tweaked the diameter of the microdroplets whilst maintaining monodispersity. The achieved diameter was 18.0 lm as yielded by the WGM. Here, a clear difference in random lasing behavior (Fig. 3(c) ) can be seen. The system emits a single mode in every spectrum, and the modes are at very comparable wavelengths. This figure depicts a particular series of 13 spectra, wherein only one pulse fired in the "wrong" interval. The average behavior over 200 spectra is shown in the corresponding histogram (Fig. 3(e) ), which shows a central bunch comprising 76% of the emitted modes, i.e., 3 of every 4 pulses gave a mode in the favored interval. Thus, we could achieve quasi-stability upto 76% in the mode-matched condition. Further, the width of the favored bunch is only 1.2 nm. This is a large departure from the complete random case wherein the modes are emitted over a band of about 10 nm, determined by the gain profile of the dye. The black curves in Figs. 3(d) and 3(e) represent very minorly shifted emission spectrum of the dye. The shift was because of the fact that, experimentally, the emission spectrum was measured from the bulk dye contained in a cuvette, at E p ¼ 4.6 lJ. In the microdroplet form, it is reasonable to expect minor modifications in the emission profile. Therefore, the curves in Figs. 3(d) and 3(e) are shifted to the right by 1.7 nm, after which the matching and mismatching of the lasing intervals are immediately evident and as expected from the simulations. Next, we quantified the intensity channeled into the random lasing modes as follows. Since the WGM modes from individual resonators are stable, we measure the ratio of the intensity of the most intense random lasing mode to the WGM mode in the same spectrum. These ratio values are displayed in Figure 3(f) . Clearly, the intensity of the peaks in the mode-matched case is larger than that in the mode-mismatched case. While intensity fluctuations persist in both the cases, the average intensity (the respective horizontal dotted lines) is larger in the mode-matched case by a factor of $2. This is a direct consequence of the enhanced gain in the mode-matched condition. In effect, this system yielded high efficiency, single-mode coherent random lasing within a known narrow interval regardless of the instantaneous configuration. Note that the transfer matrix simulations are not capable of calculating exact supra-threshold intensity due to numerical divergences, so this observation was not attempted in the calculations.
In conclusion, we have realized single-mode, quasi-stable coherent random lasing from an amplifying PARS system, comprising randomly arranged dye-doped microspheres. Transfer matrix computations shed light on the frequency behavior of gap states of weakly periodic and random systems, wherein the latter allow for control just by tweaking the microsphere diameter. By satisfying spectral mode-matching conditions wherein the gain maximum of the dye is matched with the Fabry-Perot minimum of a single microdroplet, we have forced the system to emit single modes within a narrow band of width 1.2 nm. The intensity of the modes is also higher than that in the mode-mismatched situation. Importantly, this effect occurs irrespective of the instantaneous configuration of the random laser. We believe these results are important towards frequency control and may inspire practical applications of random lasers.
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